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weak atriumCardiomyocyte hypertrophy is a complex cellular behavior involving coordination of cell size expansion and
myoﬁbril content increase. Here, we investigate the contribution of cardiomyocyte hypertrophy to cardiac
chamber emergence, the process during which the primitive heart tube transforms into morphologically dis-
tinct chambers and increases its contractile strength. Focusing on the emergence of the zebraﬁsh ventricle,
we observed trends toward increased cell surface area and myoﬁbril content. To examine the extent to
which these trends reﬂect coordinated hypertrophy of individual ventricular cardiomyocytes, we developed
a method for tracking cell surface area changes and myoﬁbril dynamics in live embryos. Our data reveal a
previously unappreciated heterogeneity of ventricular cardiomyocyte behavior during chamber emergence:
although cardiomyocyte hypertrophy was prevalent, many cells did not increase their surface area or myoﬁ-
bril content during the observed timeframe. Despite the heterogeneity of cell behavior, we often found hy-
pertrophic cells neighboring each other. Next, we examined the impact of blood ﬂow on the regulation of
cardiomyocyte behavior during this phase of development. When blood ﬂow through the ventricle was re-
duced, cell surface area expansion and myoﬁbril content increase were both dampened, and the behavior
of neighboring cells did not seem coordinated. Together, our studies suggest a model in which hemodynamic
forces have multiple inﬂuences on cardiac chamber emergence: promoting both cardiomyocyte enlargement
and myoﬁbril maturation, enhancing the extent of cardiomyocyte hypertrophy, and facilitating the coordina-
tion of neighboring cell behaviors.
© 2011 Elsevier Inc. All rights reserved.Introduction
The embryonic vertebrate heart undergoes a substantial morpho-
genetic transformation as it transitions from a simple heart tube to a
series of bulbous chambers (Auman et al., 2007; Christoffels et al.,
2004; Harvey, 2002). Asymmetric looping twists the linear heart
tube into an S-shaped conﬁguration that creates morphological dis-
tinction between the primitive chambers. At the same time, chamber
volume enlarges through a process called ballooning, which results in
the outer curvature of each chamber bulging out of the heart tube.
During this process of chamber emergence, the developing heart
also enhances its contractility. In chick, for instance, the speed of
blood ﬂow increases over 20-fold as the chambers form (Dunnigan
et al., 1987; McQuinn et al., 2007). The proper execution of these
morphological and functional transitions is essential to support the
increasing physiological demands of the growing embryo; however,ences, University of California,
rights reserved.little is known about the cellular mechanisms underlying this trans-
formation of the developing heart.
Several types of cell behaviors are likely to contribute to the process
of chamber emergence. Both cardiomyocyte proliferation and cell size
increase can help to facilitate chamber expansion. In chick, for example,
cardiomyocyte proliferation is estimated to account for two-thirds of
the overall chamber size increase during chamber formation (Soufan
et al., 2006). The remainder of the chamber size increase is thought
to result from increases in the size of individual cardiomyocytes, partic-
ularly in the region of the bulging outer curvature (Soufan et al., 2006).
In zebraﬁsh, our previous studies have shown an analogous regional in-
crease in cardiomyocyte size at the outer curvature of the emerging
ventricle (Auman et al., 2007). Cardiomyocyte size increase has also
been observed in mouse embryos, where it has been noted that
cardiomyocyte enlargement progresses throughout the course of em-
bryonic heart development, accompanied by continually increasing
maturation ofmyoﬁbrils (Hirschy et al., 2006). The parallel augmentation
of both the size andmyoﬁbril content of cardiomyocytes is often referred
to as hypertrophic growth (Frey and Olson, 2003). It is appealing to con-
sider that the uniform and coordinated execution of hypertrophic growth
could play an important role in promoting the morphological and
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clear to what extent the hypertrophic growth of individual ventricular
cardiomyocytes is coupled with the dynamic transformation of the
heart tube.
Cultured cardiomyocytes robustly display hypertrophic growth
when stretched (Russell et al., 2010; Yu and Russell, 2005), suggesting
that hypertrophic growth taking place in the embryonic heart could be
triggered by biomechanical forces. Embryonic circulation is initiated as
soon as the heart tube forms (Fishman and Chien, 1997), and so cham-
ber emergence takes place while cardiomyocytes are contracting and
while blood is ﬂowing. The biomechanical forces associated with con-
tractility and blood ﬂow have been suggested to play important roles
in driving multiple aspects of cardiac morphogenesis (Bartman and
Hove, 2005; Bartman et al., 2004; Hove et al., 2003). In particular, our
prior work has implicated the hemodynamic forces associated with
blood ﬂow in the regulation of chamber emergence: when blood ﬂow
is reduced, cardiomyocytes fail to expand normally at the outer curvature
of the embryonic zebraﬁsh ventricle (Auman et al., 2007). This impact of
blood ﬂow on cardiomyocyte cell size suggests that hemodynamics could
have a major inﬂuence on hypertrophic growth during chamber emer-
gence; however, it is not yet knownwhether blood ﬂow inﬂuences myo-
ﬁbril growth and organization in vivo.
Here, we use zebraﬁsh to examine the dynamics of individual ven-
tricular cardiomyocyte behaviors during cardiac chamber emergence.
In contrast to the amniote heart, the zebraﬁsh heart exhibits little
cardiomyocyte proliferation while chambers form (Auman et al.,
2007; de Pater et al., 2009; Ribeiro et al., 2007), allowing us to focus
our attention on the contributions of hypertrophic growth. Taking ad-
vantage of the optical accessibility of the zebraﬁsh heart, we have de-
veloped a new method for monitoring changes in cell surface area
and myoﬁbril content in live embryos. Our data show that hypertrophy
of individual cardiomyocytes is common during ventricular chamber
emergence and that hypertrophic cardiomyocytes often neighbor
each other. However, to our surprise, our studies also reveal a previous-
ly unappreciated heterogeneity in ventricular cardiomyocyte behavior
during this phase of development. Additionally, we ﬁnd that, when
blood ﬂow is reduced, myoﬁbril maturation and cell size expansion
are dampened, the extent of cardiomyocyte hypertrophy is diminished,
and coordination of neighboring hypertrophic cells is less frequent. To-
gether, our data illuminate new aspects of the dynamic cellular mech-
anisms underlying cardiac chamber emergence and highlight the
multiple inﬂuences of blood ﬂow on the regulation of this process.
Materials and methods
Zebraﬁsh
In addition to wild-type zebraﬁsh embryos, we employed embry-
os homozygous for the previously described zebraﬁsh mutation weak
atriumm58 (wea) (Stainier et al., 1996), which disrupts the atrial
myosin heavy chain (amhc) gene (Berdougo et al., 2003). When neces-
sary, we used PCR genotyping to identify wea mutant embryos: the
primer pair used (forward: 5′-TACGCGCAACAACTTGAA-3′; reverse:
5′-TTGCTTCTTGTTCCTCTTCAAATTGCTCTCTGATT-3′) generates an
AseI site in the mutant fragment. For live imaging experiments, we
injected 1.25 ng of a previously characterized anti-amhc morpholino
(MO) (5′-ACTCTGCCATTAAAGCATCACCCAT-3′; Berdougo et al.,
2003) into wild-type embryos at the 1-cell stage. We have previously
demonstrated that this MO dose recapitulates theweamutant pheno-
type, including its noncontractile atrium, reduced blood ﬂow, and
dysmorphic ventricle (Berdougo et al., 2003).
Transgenes
To achieve ﬂuorescent labeling of cell membranes, we employed the
mkate red ﬂuorescent protein gene (Shcherbo et al., 2009) tagged witha CAAX membrane-targeting motif at its 3′ end. To achieve ﬂuorescent
labeling of Z-bands, we employed the zebraﬁsh α-actinin3b (actn3b)
gene tagged with egfp at its 3′ end. This strategy has been used previ-
ously to label Z-bands in cultured cardiomyocytes and in zebraﬁsh skel-
etal and cardiac muscle (Dabiri et al., 1997; Wang et al., 2011; Zhang et
al., 2009). The zebraﬁsh actn3b isoform of α-actinin is expressed in
skeletal muscle (Holterhoff et al., 2009). Actn3b shares 82% amino
acid identity with Actn2, an α-Actinin isoform found in the zebraﬁsh
heart (Holterhoff et al., 2009). We chose to incorporate actn3b into
our transgene because it was the only zebraﬁsh α-actinin gene that
had been clearly annotated when we initiated this work.
To drive expression of fusion proteins speciﬁcally in cardiomyocytes,
genes were placed downstream of the myl7 promoter (Huang et al.,
2003). Stably integrated transgenic lines for Tg(myl7:actn3b-egfp) and
Tg(myl7:mkate-caax) were created using established techniques for
Tol2 transposon-based transgenesis (Fisher et al., 2006).We bred adults
carrying a single allele of Tg(myl7:actn3b-egfp) to adults carrying multi-
ple different alleles of Tg(myl7:mkate-caax) in order to generate embry-
os carrying both transgenes. Neither transgene causes any observable
abnormalities in cardiac development or function.
Immunoﬂuorescence
Embryos were incubated in muscle relaxation buffer (20 mM ima-
dazole, 5 mM EGTA, 7 mM MgCl2, 5 mM creatine phosphate, 10 mM
ATP, 100 mM KCl) for 1.5 h prior to ﬁxation in 4% paraformaldehyde
in PBS. This relaxation buffer has been previously employed for an in-
dependent analysis of cardiac myoﬁbrils in zebraﬁsh (Huang et al.,
2009). To visualize Z-bands and cell outlines simultaneously, we
used a monoclonal anti-α-actinin antibody (Sigma, clone EA53) at
1:1000 in conjunction with rhodamine-conjugated phalloidin (Mo-
lecular Probes) at 1:50. Alternatively, we used an anti-Dm-grasp anti-
body (ZIRC, zn−5) at 1:100 to label cell boundaries in Tg(myl7:
actn3b-egfp) embryos. Secondary antibodies used were Alexa Fluor
488 goat anti-mouse IgG (Invitrogen, A11001) at 1:200 to recognize
the anti-α-actinin antibody and Rhodamine Red-X goat anti-mouse
IgG (Invitrogen, R6393) at 1:200 to recognize the anti-Dm-Grasp an-
tibody. Images were acquired either with a 25× dry objective on a
Zeiss 510 confocal microscope or a 20× dry objective on a Leica SP5
confocal microscope. Image stacks were generally composed of 15
to 20 optical slices that were 1 micron thick.
For the data set depicted in Fig. 3, three wild-type ventricles were
analyzed at each timepoint. A total of 25, 35, and 62 cells were ana-
lyzed at 24, 36, and 48 h post-fertilization (hpf), respectively. For
the data set depicted in Fig. 6, ﬁve or six ventricles of each genotype
were analyzed at each timepoint. From wild-type ventricles, a total
of 17, 74, and 50 cells were analyzed at 28, 38, and 50 hpf, respective-
ly. Fromweamutant ventricles, a total of 21, 62, and 64 cells were an-
alyzed at 28, 38, and 50 hpf, respectively.
Live imaging
Embryos carrying the transgenes Tg(myl7:mkate-caax) and
Tg(myl7:actn3b-egfp) were anesthetized with tricaine and mounted
laterally with the right side, and therefore the ventricle, positioned
toward the objective. Images were acquired with a 20× dry objective
on a Leica SP5 confocal microscope. Image stacks were generally com-
posed of 15 to 20 optical slices that were 1 micron thick. After image
acquisition at the ﬁrst timepoint, embryos were revived from anes-
thesia and incubated at 28 °C until the second timepoint, when the
imaging procedure was repeated. We chose to acquire images at 40
and 45 hpf because these stages offered easy optical access to the
ventricular outer curvature, which tends to be blocked by the head
at earlier stages and is often obscured by the hatching gland at later
stages. Cells from the central portion of the imaged area were chosen
for analysis when they were crisply rendered in the xy plane of
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track individual cardiomyocytes between timepoints, we relied upon
the consistency of the conﬁguration of cell junctions and the land-
marks provided by stochastic variegation of transgene expression
(Figs. 4A,B).
Measurements and calculations
We used Imaris (Bitplane) software to perform three-dimensional
reconstruction of confocal stacks and ImageJ (NIH) software to mea-
sure features of the resulting images. Images shown in ﬁgures are
maximal intensity projections of confocal reconstructions, unless oth-
erwise noted. In hearts ﬁxed at 24–28 hpf, we focused on analysis of
cardiomyocytes in the ventricular portion of the heart tube, which
can be easily distinguished from the atrial portion by its more intense
phalloidin staining. However, when substituting anti-Dm-grasp for
phalloidin, ventricular cells are not as easily distinguished from atrial
cells at this stage. To avoid potential interference of the larger atrial
cells, we included only cells with surface area less than 120 μm2 in
our 28 hpf data sets. In hearts ﬁxed at 36–50 hpf, we restricted our
analysis to cardiomyocytes within the ventricular outer curvature,
avoiding the inner curvature as deﬁned in our previous studies
(Auman et al., 2007). Similarly, during live imaging, we analyzed
only ventricular outer curvature cells, as the orientation of the heart
in these experiments concealed the inner curvature.
In all selected cells, we measured cell surface area as a representa-
tion of cell size. Since the surface area of the ventricle enlarges during
the process of ballooning, cell surface area is a particularly relevant
parameter of cell size in the context of ventricular chamber emer-
gence. Additionally, our choice to measure cell surface area follows
the precedent from prior studies of hypertrophic growth, in which
growth is assayed by measurement of cardiomyocyte surface area in
cell culture (e.g. Liu and Olson, 2002). Using our previously described
method (Auman et al., 2007), we deﬁned cells as polygons by manu-
ally tracing cell boundaries according to localization of cortical phal-
loidin, Dm-grasp or mKate-caax.
To quantify a representation of myoﬁbril content, we measured
the Z-band structures, as indicated by localization of α-actinin or
Actn3b-egfp, within each selected cell. We considered the presence
of a series of parallel Z-bands to be an indicator of myoﬁbril length,
and we considered the size of each Z-band to be an indicator of myo-
ﬁbril thickness. We deﬁned each Z-band as a manually traced line
segment (Fig. S1). Line segment measurement was used instead of
measurement of ﬂuorescent intensity (Littleﬁeld and Fowler, 2002),
since it seems to produce more consistent measurements between
samples. Only the Z-bands that were aligned in groups of at least
three parallel segments were measured. Z-bands that intersected
with cell boundaries were subdivided into two segments, with the
measurement of each segment assigned to its respective cell (Fig.
S1). To generate a metric that would allow us to compare the relative
myoﬁbril content of individual cardiomyocytes, we chose to calculate
the sum of the length of all of the line segments measured within
each selected cell. We refer to this value as a cell's “total Z-band
size”, since it reﬂects the total of all scored objects within that cell.
To calculate percent change per hour in total Z-band size, we used
different equations for our ﬁxed tissue and live imaging data sets
(Table S1). For ﬁxed tissue data sets, we used the following equation
to calculate the average percent change per hour in total Z-band size
(Zﬁxed%) between 36 and 48 hpf:
Zfixed% ¼ Z48−Z36
 
= Z36  12
 h i
 100%:
Z36 represents the average total Z-band size at 36 hpf, and Z48 rep-
resents the average total Z-band size per cell at 48 hpf. A similarequation was used to calculate the average percent change per hour
in cell surface area between 36 and 48 hpf in ﬁxed tissue.
For live imaging data sets, we used the following equation to cal-
culate the average percent change per hour in total Z-band size
(Zlive%) in cells (1 to n) between the initial timepoint (t=0 h) and
the ﬁnal timepoint (t=5 h):









A similar equation was used to calculate the average percent
change per hour in cell surface area between the initial timepoint
(t=0 h) and the ﬁnal timepoint (t=5 h) for live cells.
For Figs. 5 and 7, we used the following equation to calculate the
frequency with which live cells in a particular behavioral category
shared a cell boundary with cells in each of the four behavioral cate-
gories (red (r), yellow (y), green (g), and blue (b)):
f r−r ¼ Σi¼1 to nNri =Σi¼1 to n Nri þNyi þNgi þ Nbi
 
:
In this speciﬁc example, the equation calculates the frequency (fr–r)
with which “red” (r) hypertrophic cells are the neighbors (Nr) of the
cells in the “red” hypertrophic category (1 to n).
Statistics
We performed statistical tests with GraphPad Prism software. A
two-tailed, unpaired t-test was employed to compare surface area
data sets and total Z-band size data sets. Fisher's exact test was
employed to compare differences between data sets in terms of the
frequency of observing speciﬁc types of cardiomyocyte behavior.
Results
Myoﬁbril maturation proceeds during cardiac chamber emergence
Our previous studies have demonstrated that the transition of the
zebraﬁsh ventricle from a simple tube to an expanded chamber takes
place between 24 and 48 hpf and is accompanied by a substantial in-
crease in average cardiomyocyte surface area (Auman et al., 2007).
During the same time period, the myoﬁbril maturation process, in
which the organization and content of myoﬁbrils increase, has been
shown to progress substantially in ventricular cardiomyocytes
(Huang et al., 2009). To examine the temporal coordination of cardi-
omyocyte enlargement and myoﬁbril maturation, we examined car-
diomyocyte size and myoﬁbril content in parallel. As in our previous
work (Auman et al., 2007), we used phalloidin staining to mark cell
contours (Figs. 1A–C, G–I), and we also employed an anti-α-actinin
antibody to mark myoﬁbril Z-bands (Figs. 1D–F, J–L).
Our data demonstrated that average ventricular cardiomyocyte
surface area increases between 24, 36, and 48 hpf (Figs. 1A–C, G–I,
and 3A), consistent with our previous observations (Auman et al.,
2007). During the same timeframe, α-actinin staining revealed an in-
creasingly apparent pattern of striated Z-bands, indicating the devel-
opment of myoﬁbril organization. At 24 hpf, α-actinin appears to be
localized in dots along intercellular junctions (Figs. 1D, J); these
dots are thought to represent Z-bodies, as described in a previous
study (Huang et al., 2009). By 36 hpf, fewer Z-bodies are present,
and striated Z-bands begin to appear in some cardiomyocytes
(Figs. 1E, K). Additionally, Z-bands start to become evident not only
at intercellular junctions, but also across the cardiomyocyte interior
(Fig. 1N, arrow). By 48 hpf, nearly all of the evident α-actinin is orga-
nized into parallel Z-bands, and Z-bodies are rarely detected (Figs. 1F,
L). These data indicate that the process of myoﬁbril maturation ac-
companies the enlargement of cardiomyocyte size that takes place
during ventricular chamber emergence.
Fig. 1.Myoﬁbril maturation proceeds during cardiac chamber emergence. (A–F) Ventral views of dissectedwild-type hearts, arterial pole at the top, depict localization of phalloidin (A–C)
andα-actinin (D–F) at 24, 36, and 48 hpf. As the ventricular chamber emerges, the striated pattern of myoﬁbril Z-bands becomes increasingly apparent. (G–O) Highermagniﬁcation views
of the regions marked by red dashed rectangles in A–C indicate the apparent progression of cardiomyocyte surface area expansion (G–I) and increased myoﬁbril organization (J–L). The
red dashed polygon outlines an individual cardiomyocyte in each panel. (M–O) Merged view of phalloidin and α-actinin localization reveals the appearance of myoﬁbrils across the cell
interior (N, arrow). Scale bars are 10 μm.
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To quantify the progression of myoﬁbril maturation, we devised a
method for using our images to create a metric of the myoﬁbril con-
tent within an individual cardiomyocyte. If we model myoﬁbrils as
cylinders that grow in both their length and diameter, then documen-
tation of both myoﬁbril length and thickness should provide an ap-
propriate representation of myoﬁbril content (Fig. 2A). In terms of
the Z-band patterns visualized by α-actinin staining, myoﬁbril length
corresponds to the number of Z-bands aligned in parallel, and myoﬁ-
bril thickness corresponds to the size of the Z-bands (Fig. 2A). We
therefore chose to take both number and size of Z-bands into account
by summing the size of all Z-bands measured within each selected
cell; we refer to this value as the “total Z-band size” per cell
(Figs. 2B, C and S1; also see Materials and methods). It is reassuringto note that our Z-band measurements seem very similar to the inde-
pendent measurements reported previously (Huang et al., 2009). For
example, we ﬁnd that the average size of a single Z-band at 48 hpf is
1.5±0.04 μm with our method, reminiscent of the previously
reported measurement of 1.6±0.3 μm (Huang et al., 2009).
Through quantiﬁcation of average cell surface area and average total
Z-band size, our analysis demonstrates a concomitant increase in cardio-
myocyte cell surface area andmyoﬁbril content during ventricular cham-
ber emergence (Fig. 3). The progressive increase of cell size is consistent
with our previous observations at 24–28 hpf and 48–58 hpf (Auman et
al., 2007), and our new assessment of the intermediate 36 hpf timepoint
suggests that cell size expansion is a relatively steady process throughout
chamber emergence (Fig. 3A). Similarly, myoﬁbril content undergoes a
seemingly steady increase during chamber emergence (Fig. 3B), consis-
tent with prior examination of myoﬁbrillogenesis at 26 somites and
Fig. 2.Method for quantiﬁcation of myoﬁbril content. (A) Schematic depicts a three-dimensional model of a cylindrical myoﬁbril (blue cylinder), with a two-dimensional projection
of its Z-bands (black rectangle). Sarcomere organization is illustrated on the side of the cylindrical myoﬁbril. The green rings represent Z-bands, which are equidistant and inter-
sected with thin and thick ﬁlaments (yellow lines) perpendicularly. In our confocal images, we view a two-dimensional projection of this type of three-dimensional object, such
that Z-bands appear as line segments (green lines on black rectangle). In the two-dimensional projection, the length of a myoﬁbril is represented by the number of parallel Z-
bands, and the thickness of a myoﬁbril is represented by the size of each Z-band. (B, C) Localization of cortical actin and Z-bands in the ventricle at 48 hpf, visualized by phalloidin
and α-actinin antibody staining (B), can be converted into measurable objects (C). Red polygons, tracing cell boundaries, are used to quantify cell surface area. Green line segments,
tracing Z-bands, are used to quantify Z-band size. Scale bar is 10 μm. See Materials and methods and Fig. S1 for additional details regarding our imaging and measurement methods.
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surface area and myoﬁbril content suggest that individual ventricular
cardiomyocytes may undergo hypertrophy during chamber emergence.Live imaging demonstrates hypertrophic behavior of cardiomyocytes
Although our examinations of ﬁxed hearts provide aggregate in-
formation about cardiomyocyte size and myoﬁbril content, these
data cannot indicate whether the observed changes in average cell
surface area and average total Z-band size reﬂect the typical behavior
of an individual cell over time. To analyze individual cardiomyocyte
behavior during chamber emergence, we created a live imaging
scheme for direct observation of the dynamics of cell size and myoﬁ-
bril content in vivo. To this end, we constructed two new transgenes,
Tg(myl7:mkate-caax) (Figs. 4A, B) and Tg(myl7:actn3b-egfp) (Figs. 4C,
D). We employed Tg(myl7:mkate-caxx) to provide red ﬂuorescent la-
beling of cardiomyocyte cell membranes. We employed Tg(myl7:
actn3b-egfp) to generate an α-actinin-EGFP fusion protein, which
has been previously used to provide live labeling of myoﬁbril Z-
bands in cultured cardiomyocytes and zebraﬁsh skeletal and cardiac
muscle (Dabiri et al., 1997; Wang et al., 2011; Zhang et al., 2009). In-
deed, we found that zebraﬁsh embryos expressing this transgene ex-
hibit faithful green ﬂuorescent labeling of the Z-bodies and Z-bands
that are detected by an anti-α-actinin antibody (Fig. S2).
We imaged embryos carrying both Tg(myl7:mkate-caax) and
Tg(myl7:actn3b-egfp) at 40 and 45 hpf (Figs. 4A–D). Extrapolating
from the snapshots of live embryos, we inferred the behavior of indi-
vidual cardiomyocytes during this time interval. (See Materials and
methods for details.) Qualitatively, it was clear that cell surface area
andmyoﬁbril content were dynamic between 40 and 45 hpf. For exam-
ple, certain cells displayed evident increases in cell surface area and
total Z-band size and therefore seemed to exhibit hypertrophic behav-
ior (Figs. 4E, F). Quantitative analysis of our live images revealed that
average increases in cell surface area and total Z-band size were consis-
tently proportional to the average increases observed in our analyses of
ﬁxed tissue (Table S1). Therefore, analysis of snapshots of cardiomyo-
cyte surface area and myoﬁbril content at 40 and 45 hpf seemed like
a reasonable approach for sampling the dynamics of individual cardio-
myocyte behavior during ventricular chamber emergence.Cardiomyocytes exhibit heterogeneous behavior during
chamber emergence
To evaluate the frequency of cardiomyocyte hypertrophy during
chamber emergence, we compiled the measurements for cell surface
area and total Z-band size for a total of 147 individual cardiomyocytes
imaged in 21 live hearts between 40 and 45 hpf. Our analysis con-
ﬁrmed that ventricular cardiomyocytes frequently undergo hypertro-
phic growth during this time interval. However, we also found that
cardiomyocytes do not behave uniformly. Many, but not all, of the ob-
served cardiomyocytes (81/147; 55%) increased their surface area be-
tween 40 and 45 hpf (Fig. 5A). Similarly, many, but not all, cells (87/
147; 59%) increased their myoﬁbril content over the same time inter-
val (Fig. 5A). Furthermore, not all of the cells that increased in surface
area also increased their myoﬁbril content, and, conversely, not all of
the cells with an increase in myoﬁbril content became larger
(Fig. 5A).
For further analysis of the heterogeneity in cardiomyocyte behav-
ior, we subdivided cells into four categories according to their ob-
served changes in cell surface area and total Z-band size. We found
that 33% (49/147) of the examined cells exhibited hypertrophic
growth, deﬁned as increases in both surface area and total Z-band
size, during the observed time interval (red symbols, Fig. 5A). Other
cells exhibited different types of cell behavior: some increased only
their total Z-band size (38/147 (26%); yellow symbols, Fig. 5A),
some increased only their surface area (32/147 (22%); blue symbols,
Fig. 5A), and some did not exhibit increases in either total Z-band
size or surface area (28/147 (19%); green symbols, Fig. 5A). Thus, al-
though hypertrophic growth was the most common behavior exhib-
ited by cardiomyocytes during the observed time interval,
substantial numbers of cardiomyocytes exhibited other types of cell
behavior.
We were intrigued by the heterogeneity of cardiomyocyte behav-
ior, and we wondered whether the type of behavior exhibited might
correlate with the initial status of an individual cell at the beginning
of the time interval. First, we considered the possibility that, at
40 hpf, some cardiomyocytes may already have completed growth
whereas other cardiomyocytes are just beginning to undergo hyper-
trophy. However, we did not ﬁnd that the cells that were hypertro-
phic during the live imaging time interval exhibited smaller surface
Fig. 3. Concomitant increases in cell size and myoﬁbril content during chamber emergence.
(A) Bar graph indicates mean cell surface area measurements in μm2 for ventricular
cardiomyocytes at the indicated stages; error bars indicate standard error. An asterisk
indicates a statistically signiﬁcant difference from the prior timepoint (pb0.05). Cardiomyo-
cytes expand in size continuously as chambers form between 24 and 48 hpf. (B) Bar graph
indicates mean measurements of total Z-band size in μm per ventricular cardiomyocyte at
the indicated stages; error bars indicate standard error. An asterisk indicates a statistically
signiﬁcant difference from the prior timepoint (pb0.05). Myoﬁbril content per cell increases
continuously as chambers form between 24 and 48 hpf. See Materials and methods for
details regarding measurements.
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(Table S2). Next, we investigated whether different locations within
the outer curvature are associated with different types of cell behav-
ior. However, we did not detect any clear patterns in the spatial orga-
nization of the four categories of cells (Fig. S3). Thus, we were notFig. 4. Live imaging demonstrates hypertrophic behavior of cardiomyocytes. (A, B)
Lateral views, arterial pole at the top, of the ventricular outer curvature in a live
embryo at 40 hpf (A) and 45 hpf (B); expression of Tg(myl7:mkate-caax) highlights
cardiomyocyte cell contours. Selected cells from the central portion of the imaged
territory were selected for analysis when they were clearly rendered in the plane of
imaging and had adequately intense expression of both transgenes. Numbered cells
were compared at 40 and 45 hpf; individual cells could be tracked between timepoints
based on the conﬁguration of cell contacts and the landmarks provided by variation in
levels of transgene expression. For example, the position of cell 2 is unambiguous because
of its relationships to cells 1, 3, and 4, all of which exhibit lower levels of transgene
expression. (C, D) Lateral view of the ventricular outer curvature in the same live embryo
at 40 hpf (C) and 45 hpf (D); expression of Tg(myl7:actn3b-egfp) highlights Z-bands.
(E, F) Overlay of the ﬂuorescent signals from both transgenes reveals changes in cell
size and myoﬁbril content between 40 and 45 hpf. The hypertrophic cell outlined in
white is cell #3 from panels A and B; its surface area increased 25.6% over the imaged
time interval and its Z-bands became larger and more numerous, resulting in a 103.4%
change in total Z-band size. See Materials and methods for additional details regarding
our imaging and measurement methods. Scale bars are 10 μm.able to perceive any cellular attributes at 40 hpf that could predict
the subsequent heterogeneity of individual cardiomyocyte behavior.
Hypertrophic cardiomyocytes tend to neighbor each other
While analyzing the spatial distribution of the four types of cardio-
myocyte cell behavior, we noticed that hypertrophic cardiomyocytes
often appeared in clusters (red dots, Fig. S3). This observation
prompted us to assess whether neighboring cardiomyocytes tend to
exhibit the same types of changes in cell size and myoﬁbril content.
For all of the cardiomyocytes in our data set (Fig. S3), we calculated
Fig. 5. Heterogeneity of cardiomyocyte behavior during chamber emergence. (A) Scatter plot depicts observed behaviors of individual cardiomyocytes analyzed by live imaging at
40 and 45 hpf. Each symbol represents an individual cardiomyocyte, plotted with respect to its percent change in cell surface area (x-axis) and its percent change in total Z-band
size (y-axis). Cell behaviors are subdivided into four categories, according to the observed changes in cell surface area and total Z-band size. We consider a change of greater than 1%
in surface area or a change of greater than 5% in total Z-band size to represent a substantial increase in either of these parameters over the observed 5-hour timeframe. Red symbols
indicate cells that substantially increased both their size and myoﬁbril content. Yellow symbols indicate cells that substantially increased only their myoﬁbril content. Blue symbols
indicate cells that substantially increased only their size. Green symbols indicate cells that did not increase either their size or their myoﬁbril content. The percentage of the
population in each category is indicated in the appropriate corner of the scatter plot. (B–E) Bar graphs depict the frequencies with which cells in a particular category shared a
cell boundary with a cell in each of the four behavioral categories (colored bars), compared to the observed frequencies of occurrence of each behavior in our data set (gray
bars). Asterisks indicate statistically signiﬁcant differences between the calculated frequency of neighboring a cell from a speciﬁc category (colored bar) and the theoretical frequency
of randomly encountering a cell from that category (gray bar) (pb0.05; Fisher's exact test). See Materials and methods for details of calculations.
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boundary with a cell in each of the four behavioral categories
(Figs. 5B–E, colored bars). We then compared these calculated frequen-
cies with the theoretical frequencies of randomly encountering cellsfrom each of the four behavioral categories (Figs. 5B–E, gray bars),
based on the observed frequencies of occurrence of each behavior in
our data set (Fig. 5A). For example, to determine whether hypertrophic
cells tended to neighbor other hypertrophic cells, we tallied the
249Y.-F. Lin et al. / Developmental Biology 362 (2012) 242–253behaviors of the neighbors of all of the hypertrophic cells in our data
set (red symbols, Fig. S3). We found that 46% of these neighbors
were other hypertrophic cells (Fig. 5C), a statistically signiﬁcant differ-
ence from the frequency of occurrence of hypertrophic cells in our data
set (33%; pb0.05, Fisher's exact test). Thus, despite the heterogeneity
of observed cardiomyocyte behavior, hypertrophic ventricular cardio-
myocytes tend to coordinate their growth with their neighbors during
chamber emergence.
Blood ﬂow inﬂuences both cell size and myoﬁbril content
The dynamic cardiomyocyte behaviors that we observed sug-
gested that the factors inﬂuencing changes in cell surface area and
myoﬁbril content may also be highly dynamic. Since circulation is ini-
tiated when the linear heart tube forms and increases rapidly as the
chambers expand (Forouhar et al., 2006), it is likely that the hemody-
namic forces associated with blood ﬂow impact chamber formation.
Therefore, we wondered whether blood ﬂow contributes to the regu-
lation of the patterns of cardiomyocyte behavior underlying emer-
gence of the zebraﬁsh ventricle. To test this idea, we chose to
examine ventricular cardiomyocytes in weak atrium (wea) mutant
embryos. The wea mutation disrupts the zebraﬁsh atrial myosin
heavy chain (amhc) gene, which encodes an atrium-speciﬁc myosin
that is required for atrial contractility (Berdougo et al., 2003). In
wea mutant embryos, Amhc protein is absent and the atrium does
not contract (Auman et al., 2007; Berdougo et al., 2003). In contrast,
ventricular cardiomyocytes in wea mutant embryos have a normal
set of contractile proteins, form normal sarcomeres, and beat normal-
ly (Auman et al., 2007; Berdougo et al., 2003). Thus, the wea mutant
provides an excellent model for examining the effects of reducing
blood ﬂow through the ventricle.
Our previous work has shown that the wea mutant ventricle is
smaller than its wild-type counterpart at 48 hpf (Auman et al.,
2007). Ventricular cardiomyocytes inweamutant embryos do not ex-
pand their surface area normally during chamber emergence, indicat-
ing an important inﬂuence of blood ﬂow on regulation of
cardiomyocyte size (Auman et al., 2007). This result suggested that
hemodynamic forces could potentially regulate the progression of
cardiomyocyte hypertrophic growth; however, our previous studies
did not address whether blood ﬂow inﬂuences myoﬁbril content
and organization in the developing ventricle.
To analyze both cell size and myoﬁbril content in wild-type and
wea mutant ventricular cardiomyocytes, we began by using
Tg(myl7:actn3b-egfp) to label Z-bands and an anti-Dm-grasp antibody
to label cell boundaries in ﬁxed tissue (Figs. 6A–F). In wild-type em-
bryos (Figs. 6A–C, G, H), these reagents reveal the same trends of in-
creasing average cell surface area and average total Z-band size that
we had observed when employing an anti-α-actinin antibody and
phalloidin (Figs. 1 and 3). In wea mutant embryos (Figs. 6D–F, G,
H), we found that average cell surface area was similar to wild-type
at 28 hpf but failed to expand at 38 and 50 hpf (Fig. 6G), consistent
with our previous ﬁndings (Auman et al., 2007). Furthermore, al-
though the average total Z-band size in wea mutant cardiomyocytes
was similar to that of wild-type cells at 28 hpf, myoﬁbril content did
not seem to accumulate as rapidly in wea mutants as it did in wild-
type embryos at 38 and 50 hpf (Fig. 6H). The signiﬁcant reduction
of total Z-band size in wea mutant cells at 50 hpf, relative to their
wild-type counterparts, resulted from both shorter Z-bands (1.3±
0.04 μm average Z-band size in wild-type vs. 1.1±0.03 μm average
Z-band size in wea mutants; pb0.05) and fewer Z-bands per cell
(20.7±1.0 Z-bands per cell in wild-type vs. 17±0.9 Z-bands per
cell in wea mutants; pb0.05). All of these aspects of the wea mutant
phenotype were also detectable with an anti-α-actinin antibody
(data not shown). Together, our data suggest an important inﬂuence
of hemodynamic forces on both cell size and myoﬁbril content during
chamber emergence. Additionally, the coincidental onset of thedefects in cell surface area and total Z-band size in wea mutants
around 38 hpf suggests the possibility that the regulation of cell size
expansion and myoﬁbril maturation could be coupled.Blood ﬂow enhances the extent of cardiomyocyte hypertrophy and
inﬂuences the spatial organization of hypertrophic cells
The reduced average cell surface area and reduced average total Z-
band size observed in theweamutant ventricle suggest that the hyper-
trophic behavior of individual cardiomyocytes could be vulnerable to
the effects of diminished blood ﬂow. To test this idea, we used live im-
aging to examine the attributes of ventricular cardiomyocytes lacking
wea function. We injected embryos carrying the Tg(myl7:mkate-caax)
and Tg(myl7:actn3b-egfp) transgenes with an anti-amhc morpholino
(MO) (Berdougo et al., 2003) that recapitulates theweamutant pheno-
type (referred to as wea MO). We then analyzed the ventricular cardi-
omyocytes in the injected embryos (referred to as wea morphants) at
40 and 45 hpf, following the same imaging andmeasurement protocols
that we used for wild-type embryos. In total, we examined 100 cells
from 13 wea morphant hearts (Fig. S4).
We found that wea morphant hearts, in comparison to wild-type
hearts, contained signiﬁcantly fewer ventricular cardiomyocytes
that increased their cell size between 40 and 45 hpf (33% in Fig. 7A
vs. 55% in Fig. 5A; pb0.05, Fisher's exact test) and slightly fewer ven-
tricular cardiomyocytes that increased their myoﬁbril content (52% in
Fig. 7A vs. 59% in Fig. 5A). Moreover, when considered as an aggre-
gate, the wea morphant cardiomyocytes exhibited lower rates of cell
size growth and myoﬁbril content increase than were observed for
wild-type cardiomyocytes during the live imaging time interval
(Table S1). Together, these results provide an explanation for the
dampened cell size and myoﬁbril content observed in wea mutants
via ﬁxed tissue analysis (Figs. 6G, H).
In contrast to wild-type, we found a trend toward fewer ventricu-
lar cardiomyocytes exhibiting hypertrophic growth inweamorphants
(red symbols; 23% in Fig. 7A vs. 33% in Fig. 5A; p=0.08, Fisher's exact
test). More strikingly, the hypertrophy displayed by wea morphant
cardiomyocytes was signiﬁcantly less marked than that displayed by
wild-type cells. The hypertrophic cells in wea morphants exhibited
an average cell surface area increase of 16.6±2.4 μm2, in contrast to
the increase of 29.9±2.9 μm2 seen in wild-type hypertrophic cells
(Fig. 7B, pb0.05), and the hypertrophic cells inweamorphants exhib-
ited an average total Z-band size increase of 4.9±0.5 μm, in contrast
to the increase of 10.1±1.0 μm seen in wild-type (Fig. 7B, pb0.05).
Together, these data suggest that blood ﬂow through the developing
ventricle promotes cardiomyocyte hypertrophy and heightens the
degree of hypertrophic growth both in terms of cell size and myoﬁbril
content.
In addition to displaying fewer hypertrophic cells than their wild-
type counterparts, wea morphants also contained signiﬁcantly more
cardiomyocytes in the category of cells that did not exhibit increases
in either cell surface area or total Z-band size (green symbols; 38% in
Fig. 7A vs. 19% in Fig. 5A; pb0.05, Fisher's exact test). Additionally, we
found that wea morphants contained signiﬁcantly fewer cardiomyo-
cytes that exhibited an increase only in cell surface area (blue sym-
bols; 10% in Fig. 7A vs. 22% in Fig. 5A; pb0.05, Fisher's exact test).
Thus, the distribution of the heterogeneity of ventricular cardiomyo-
cyte behavior in wea morphants is distinct from that observed in
wild-type embryos. Since blood ﬂow affected the amplitude of hyper-
trophic growth, we wondered whether it also affected the tendency
of hypertrophic cells to be neighbors, as was observed in wild-type
embryos. Strikingly, in contrast to what we observed in wild-type
hearts (Fig. 5C), the observed frequency of hypertrophic cells neigh-
boring each other (27%) in wea morphants was not signiﬁcantly dif-
ferent from the theoretical frequency of randomly encountering a
hypertrophic cell (23%) in these embryos (Fig. 7D). Thus, in addition
Fig. 6. Myoﬁbril maturation is diminished in wea mutant embryos. (A–F) Ventral views, arterial pole at the top, of dissected hearts at 28, 38, and 50 hpf depict localization of
Actn3b-egfp (green) in Z-bodies and Z-bands and Dm-grasp (red) at cell boundaries. Actn3b-egfp and Dm-grasp localization indicate the dynamic progression of cell size and
myoﬁbril content during chamber emergence. Wild-type (wt) and wea mutant ventricular cardiomyocytes are indistinguishable at 28 hpf (A, D), but cell size expansion and
myoﬁbril growth and organization do not progress normally in wea mutants (B, C, E, F). Scale bar is 10 μm. (G) Bar graph indicates mean cell surface area measurements in μm2
for ventricular cardiomyocytes at the indicated stages; error bars indicate standard error. Asterisks indicate statistically signiﬁcant differences between wild-type and wea
(pb0.05); these differences become apparent by 38 hpf. (H) Bar graph indicates mean measurements of total Z-band size in μm per ventricular cardiomyocyte at the indicated
stages; error bars indicate standard error. The asterisk indicates a statistically signiﬁcant difference between wild-type andwea at 50 hpf (pb0.05). The carat indicates a less striking
difference between wild-type and wea at 38 hpf (p=0.06).
250 Y.-F. Lin et al. / Developmental Biology 362 (2012) 242–253to promoting hypertrophy, hemodynamic forces also seem to contrib-
ute to coordination of the spatial organization of hypertrophic cardi-
omyocyte behavior.
Discussion
By combining ﬁxed tissue and live imaging analyses, our studies
demonstrate the dynamics and heterogeneity of cardiomyocyte be-
havior during cardiac chamber emergence. Many cardiomyocytes un-
dergo hypertrophic growth while the ventricular outer curvature
expands and matures; at the same time, numerous other cardiomyo-
cytes fail to increase either their cell size or myoﬁbril content. Despite
the variety of observed cell behaviors, the concerted changes in
chamber shape and contractility during chamber emergence are
highly reproducible (Liebling et al., 2006; McQuinn et al., 2007). In
this regard, cardiac chamber emergence is reminiscent of othermorphogenetic scenarios in which global changes in tissue morphol-
ogy arise from diverse behaviors of individual cells, such as the topo-
logical diversity of the intercalating epithelial cells that drive axis
elongation in the early Drosophila embryo (Zallen and Blankenship,
2008).
The wide range of wild-type ventricular cardiomyocyte behaviors
during chamber emergence is intriguing. While “red” cells simulta-
neously increase both their cell size and myoﬁbril content, “blue”
and “yellow” cells seem to increase only one of these traits (color-
coded as in Fig. 5). Perhaps most cardiomyocytes ultimately execute
hypertrophic growth, but this does not always involve synchronous
increases of both parameters. Thus, temporally staggered increases
in cell size and myoﬁbril content could account for the behavior of
the blue and yellow cells in which one parameter seems relatively
unchanged during the observed time interval. However, this scenario
does not explain the activities of the blue cells that appear to be
251Y.-F. Lin et al. / Developmental Biology 362 (2012) 242–253experiencing signiﬁcant myoﬁbril loss, the yellow cells that appear to
be shrinking signiﬁcantly, or the green cells that appear to be doing
both.
We suspect that our observations of cells with decreasing myoﬁ-
bril content reﬂect the dynamic nature of myoﬁbril turnover. For ex-
ample, myoﬁbrils are thought to dissemble as cardiomyocytes
prepare to divide (Ahuja et al., 2004; Kaneko et al., 1984), so someFig. 7. Blood ﬂow inﬂuences the degree and spatial organization of cardiomyocyte hypertro
by live imaging at 40 and 45 hpf in wea morphant embryos. Each symbol represents an ind
(x-axis) and its percent change in total Z-band size (y-axis). Cell behaviors are subdivided
Fig. 5A. Notably, in comparison to our wild-type data set (Fig. 5A), we found fewer hypertr
(green), and fewer cells that only increase their size but not their myoﬁbril content (blue
phant hearts in terms of their absolute increases in cell surface area (x-axis) and total Z-ba
dampened inweamorphants. Scatter plots depicting the absolute amounts of change for a
(C–F) Bar graphs depict the frequencies with which wea morphant cells in each behavior
Notably, we found no statistically signiﬁcant differences between any of the calculated fre
data set. For example, unlike in wild-type hearts, the hypertrophic cells in wea morphanblue or green cells may represent the limited number of dividing car-
diomyocytes present at this stage (Auman et al., 2007; de Pater et al.,
2009; Ribeiro et al., 2007). Moreover, the rapidly changing hemody-
namic environment might contribute to the loss of myoﬁbril content
in some cells. It has been reported that altering the direction of
stretch of a cultured cardiomyocyte can trigger turnover of myoﬁbril
components (Simpson et al., 1999).phy. (A) Scatter plot depicts observed behaviors of individual cardiomyocytes analyzed
ividual cardiomyocyte, plotted with respect to its percent change in cell surface area
into four categories, based on the criteria described for Fig. 5A and color-coded as in
ophic cells (red), more cells that did not increase either their size or myoﬁbril content
). (B) Scatter plot compares the hypertrophic cells found in wild-type and wea mor-
nd size (y-axis). The average extent of the increase in both parameters is signiﬁcantly
ll observed cells in both wild-type and weamorphant embryos are included in Fig. S5.
al category were neighbors of cells from each of the four categories, as in Figs. 5B–E.
quencies (colored bars) and theoretical frequencies (gray bars) in our weamorphant
t hearts do not exhibit a particular tendency to neighbor each other.
Fig 7 (continued).
252 Y.-F. Lin et al. / Developmental Biology 362 (2012) 242–253Regarding cardiomyocytes that appear to be shrinking in size, it is
important to consider whether measurement of cardiomyocyte surface
area is always an appropriate representation of cell size. Since occa-
sional wild-type cardiomyocytes bulge toward the ventricular lumen
(Fig. S6), the dimensions of the cell surface will not always proportion-
ally reﬂect cell volume, and measurements of cell surface area may
therefore lead to underestimations of cell size. Thus, some yellow and
green cells may represent cardiomyocytes that are increasing their
depth rather than decreasing their overall size. However, this is not
likely to account for the general observation that cardiomyocyte sur-
face areas tend to be smaller in weamutants than in wild-type embry-
os. At 48 hpf, loss of wea function does not cause an increase in the
number of cells bulging toward the lumen of the chamber, nor does
it cause evident thickening of the myocardial wall (Fig. S6).
Overall, it is clear that cell behavior at the level of individual cardi-
omyocytes, as detected by live imaging, does not always reiterate the
global behavioral trends predicted by average cell behavior, as
detected by ﬁxed tissue analysis. We favor a model in which individ-
ual ventricular cardiomyocytes enter a phase of hypertrophic growth
at different times during chamber emergence. These dynamics of cell
behavior would result in considerable heterogeneity during any lim-
ited time interval during the process. Extension of the live imaging
timeframe would facilitate rigorous testing of this model. In the fu-
ture, advances in imaging techniques will allow cell size andmyoﬁbril
content to be followed at higher resolution over longer time periods.
For example, a recently developed optogenetic strategy for arresting
cardiac contraction (Arrenberg et al., 2010) would be an attractive
substitute for repeated anesthesia, permitting inspection of a more
extensive series of timepoints.
The phenotype of the wea mutant ventricle strongly suggests that
hemodynamic forces inﬂuence several aspects of cardiomyocyte hy-
pertrophic growth.When blood ﬂow through the ventricle is reduced,
not only is cell size expansion diminished (Auman et al., 2007), but
myoﬁbril content increase is also dampened. Thus, the extent of car-
diomyocyte hypertrophy is dependent on normal levels of bloodﬂow. The effects of blood ﬂow on the hypertrophic growth of individ-
ual embryonic cardiomyocytes is consistent with the long-held idea
that increased workload can induce hypertrophy of the adult heart
(Grossman, 1990; Topol et al., 1985). It is possible that cell size and
myoﬁbril content are jointly regulated by hemodynamic forces; in
the simplest model for such a mechanism, one of these processes
would be sufﬁcient to induce the other to occur. This attractive
model has been reinforced by observations in which the modiﬁcation
of cell size alters myoﬁbril organization, or vice versa (Auman et al.,
2007; Parker et al., 2008; Xu et al., 2002). However, our live imaging
data challenge the notion that the mechanisms controlling cardio-
myocyte size and myoﬁbril content operate in a linear or dependent
pathway, since we have documented many cardiomyocytes in
which an increase in one parameter is not coupled with an increase
in the other. Therefore, although both parameters of hypertrophic
growth appear to be inﬂuenced by blood ﬂow, they are likely to be
regulated independently downstream of the impact of hemodynamic
forces. Future studies will be necessary to determine whether the ef-
fects of blood ﬂow reﬂect a role of mechanical stretch of cardiomyo-
cytes or an indirect inﬂuence of shear forces experienced by the
endocardium.
Since cultured cardiomyocytes have been shown to coordinate
their cell behaviors with each other (Matsuda et al., 2005; Radisic et
al., 2004), it is appealing to consider a model in which the organized
deployment of hypertrophic growth could underlie cardiac chamber
emergence. Remarkably, despite the heterogeneity of cardiomyocyte
behavior, hypertrophic cells tend to be neighbors of other hypertro-
phic cells. Since cardiomyocyte division is relatively infrequent at
these stages (Auman et al., 2007; de Pater et al., 2009; Ribeiro et al.,
2007), it seems unlikely that the similar behaviors of neighboring
cells reﬂect shared lineage. Instead, we speculate that the local envi-
ronment inﬂuences ventricular cardiomyocyte behavior. During
chamber emergence, local environments are probably quite diverse
and dynamic, as chamber shape and blood ﬂow patterns are changing
rapidly (Hove et al., 2003). Thus, biomechanical inputs from blood
253Y.-F. Lin et al. / Developmental Biology 362 (2012) 242–253ﬂow could provoke hypertrophy in individual cells in a somewhat
stochastic fashion. Then, contacts between neighboring cells could
positively reinforce maintenance of hypertrophic growth; as a result,
growth would be most likely to be maintained when a cell is in con-
tact with a neighbor that is growing simultaneously. Consistent
with this, we ﬁnd that hypertrophic “red” cells tend not to be neigh-
bors of “green” cells that shrink in size and lose myoﬁbril content
(Fig. 5C). Furthermore, in wea morphants, the enhanced number of
green cells suggests that reduced blood ﬂow hinders the maintenance
of cardiomyocyte growth. Altogether, we postulate a model in which
hypertrophic cardiomyocytes, spurred on by the biomechanical inﬂu-
ences of blood ﬂow, are able to organize a sustained growth zone and
maintain a trend of hypertrophic growth through neighbor associa-
tion. In sum, our studies of the dynamics of ventricular cardiomyocyte
behavior suggest new perspectives on the mechanisms of cardiac
chamber emergence and the impact of blood ﬂow on cardiac morpho-
genesis, which could have great value for future strategies in cardiac
bioengineering.
Supplementary materials related to this article can be found on-
line at doi:10.1016/j.ydbio.2011.12.005.
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